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ABSmCT 

Sliiint friction OM*rUMHito, p h otoo locttoo o p oc tro ocof y <3li> 

«Mljoio» Mi oloetron aicroocoyf ood iiffroetioo otuiioo man CMioc toi 
with f«rrotto-h«M Mtollic sImmo (MorphOM olloyo) ia c oa t a et with iImI* 
aM oxiio at toaporotaroo to 750* C ia • wacwM. Sliiiaf frietiM oi^ri* 
aoato woro aloo coaiaetoi ia actoa aai air atMOphotaa. 

The raaalta of tho iawaatigatioa iaiieata that the eoaffioioM of 
friction iacroaaaa with iaeroaaiap tanporMaro to 350* C ia aacanau Tho 
iacraaae ia friction ia iae to aa incroaao ia aAoaioa roMltiai fraa om* 
face aegragatioa of boric oaidc aai/or silicon oaiio to the oarfaeo of the 
foil, Ahowe 500* C the coefficient of friction docroaooi rapidly. The de*> 
crease correlates with the segregation of boroa nitride to the sarfeee. 
CMtMinants can cone froa the balk of the aaterial to the aarfaee vfom 
beating and iapart boric oxide and/or silicon oxide at 350* C and boron 
nitride abowe 500* C. The segregation of coatasdoMts is responsible for 
the friction behavior. The aaorpboos alloys have st^erior wear resistMce 
to crystalline 304 stainless steel. The relative coacMtrations of the 
variou« c<mscitnents at the surfaces of the anorphous alloys are very 
different froa the noainal bulk coapositions. 

IHTRODOCTIOR 

A host of different classes of aaterials are used in aecbanical caapo- 
nents wbere adhesion, friction, wear, and lubrication are involved. The 
single aost significant class of these aaterials are the aetallic alloys. 

As a result, CMsiderable research has been conducted to deteraioe the 
effect of various properties of aetallic alloys on tribological behavior. 

In 1960 it was shown that by very rapid quenching of certain alloy eomr 
positions froa tbe oelt, aaorphous solid phases could be foraed (ref. 1). 
This discovery launched a new field of research activity. There are now 
well over 200 alloy systeas that have been identified as being capable of 
quenching into the aaorphous state (ref. 1). These alloys are referred to 
as aetallic glasses or aaorphous alloys (refs. and 3). 

Aaorphous alloys are currently finding increased application in the 
aerospace industry (ref. 4). They are used for joining internal assenAlies 
in gas turbines. Nickel-based brass foils of the BMi class are replacing 
the aore expensive gold-base BAu-4 for use with engine valves and aany other 

A coabination of favorable aecbanical and physical properties aakes 
aaorphous alloy candidates for other technological applications. For exam- 
ple , the coabination of high peraeability with high hardness makes these 
materials suitable for use as highly developed magnetic recording devices 
(e.g. video tape recorders). In sMst high density devices, a magnetic head 
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Ul tfff , tte MtMtIt lltti Mi tif« MM tew gt04 MAT rttflfliM* 
imtthmt alltyt cm aIm te Mti Ia toil toAttufA* fkt ^40^ i tAAfitrAi 
AkIMtIIMA Af MAfffkAM AlltfA «Mli to fMUtAAt to tAif ;^lAA.iAAA|A All 
iMAMk toVA p O tMt UI tot AAA A tott A O A A tW lt MAIMAIaaI ptA l M^il to *** 
VAfAini AAdtr rAitAAiM. flw AAOtoAlAAl AAi ^kfA&AAl p A AfA ftl A A Af AMT* 
aIIasta ATAft t tot A toi A, ^ toAlc AAtoMifto iMffMt* 

MAffllOAt AllogfA toAA AAAAfAl MtfAAtlAA fM 

ttitolAticAl ^UaMIaaa. toAAA ytAyAitlAA lAclAiA ffAM aMmIaa, Maat 
AtrAAftk, lAAACt MMtrAtlAA, eorrOAlAA lAAlAtAACA, tAA gl A I A AA , Mi iAAtil* 
ity. TtovA tot him, tow AAOt , VAlMiooly llttlo roAMtAl i iAM M tto tri- 
bolAfiOAl piAAOttiOA Af tto A AA tpAOA A AllOfA (rtf A* S tA 7)« 

1%A A%jACtiAA Af tbit iAAAAtitMiAA AM> ttorAfAVA, tA iMACAiM tbo 
AorfAtA etoaiAtrya AdLerootYACtAVAa Mi tribAloficAl p tO |> A ttiAA (frietiM AAi 
AAAr) Af AAM tortOAA totA AAMrpbOAA AllOfA. tlliiot frlctiM 
woro COAiACtOi witb tbtAO tot rO UA - bA AA AAflrybAAA Alloy AAAAAAitiAAA Ia 
OAAAM Oslo Ma)» lAbAVMory Air, Aoi AffM AtMApbiiAa k tiior Af AlAOi- 
AM Miio AAA AAiO tA tliio M tbO AMrpbOAA Alloy AArfAAAA Mtot lOOit Of 
ffOAi 0«1 to 2.S II AAi At AliiiAg AAloeitioA of frat 0.033 to 0.17 ab/aac. 

Tbo AACAM MpOtiAMtA AttA COOiAetoi At tAApAtAtAtAA Of fiM 23* tO 

800* C. COApAtAtiOA OXpOtiAAAtA AAIA ABiO Aitb 304 AtAiotAAA AtMl. Iblt 

prActicAl AwtoriAl aaa of Aoui^lAot foil tbickAOAA aa tto Mo rpbouA Alloyt. 

NiTBtlALS 

Tbroo AAorpbMA Alloy coApotltiooA Aoro oMAioAi io tbit lAAOttigA- 
tioA. Tto coApotltl<Mit AAi AOAM of tboir propottioA AtA prAAAMOi Ia tAblO 
I. Tbo Alloyt Aoro foilt <0.030 to 0.033 AS-tbick ribboo)» Aoi Aoro Atoi io 
tto AA-cAAt cooditioo oxcopt for toot troAtMott. Tto ^boricol riiorA ttot 
Aoro AAio to tliio oo tto foil Aoro tioglo-cryttAl aImIam oxiit (tAppbiro) 
AptoroA Aoi tto iioMtor of tto tptorot Aoro 3.2 ooi 6.4 AilliMttrA. 

APPARATUSES 

TAo oppArotutoA Aoro utoi in tbit ioAtAtigACioo (fif. 1). Tboy botb 
uAO A pin on flot configurAtion. Ono contittA of on ultro-higb aacam tyf 
tOA CApoblo of AMAAuring Adtotiona Ionia toi friction oni cootAino nn EPS 
ApoctroAMtor. Piguro 1(a) iniicAtot tto Mjor c o n yo nontta inelniing tto 
oloctron onorgy Anolytora tto X'^roy tonrco, ooi tbo ion gun nooi for 
ion Aputtor otebii^. Tbo X-roy tonrco contoinoi o AOgnotiM onoio. A 
Aonipulotor-Aountoi boM aaa projoctoi into o vocum cboMor. Tbo boM 
contoinoi too flott AMcbinoi ootamI to oocb otbor nitb otroin gogoo aountoi 
ttoroon. Tto lood aaa opplioi by noring tto boM noraol to tbo flot oni aaa 
Aontoi by ttroin gogot. Tbo oortieol oliiing notion of tto pin ol<rag tto 
flot Aurfoco AAA ACConpliAboi tbrottob a notoritoi nonipnlAtor nttobbly. Tbo 
friction forco unior on Applied lood was neaaurei during Aorticol trMolo- 
tion by a atrain gago aountoi noraol to that utoi to aoaouro load. 

Tbo Aoconi apporatuA utoi in tbit inuottigation it aboAn acbonatically 
in figure 1(b). Tto pin aaa nad<> to trauorAO a iiatanco of 10 oa on tto 
Aurfaco of tto foil. Motion aoa rociprocal. Tbo pin aaa loniM agAiatt tbo 
foil Aitb dead Aoigbta. Tto am retaining tb» rider contained atrain gogot 
to aooAuro tto tai^ontial and noraol forcoa. Tbo entire apparatuo ma 
bouAod in a plaatic box. Tbo atnoapboro in tbo box aoo controlled. 
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•ptciti Vv^rfttio* md 

foil tpoeiMo «m ottoebii to m iMolotw fUt iHtk umMm 
•oppo rt iog slwots Cftt* l>* TW tpiBl—o «m 4if0etlp im ooMtC |4 mi 
• iMOtt. Hm flat aoi pia aarfacaa van rlMtd vitli ^%gl tlaafca l 

jaat bafora tbap aara plaea4 ia tba aaeaaa obaabar* tftair ^ ifaalaHHi 
aavo plaeai ia tba aacaw ebaabar» tba apataa aaa aaa aaatoA aid tbaa bami 
oat at 250* C to obtain a praaaata of SkIO tfa (tslO**^ t^t) w tavar* 

•otb flat aad pia apaciaaaa aara argoa ioa ^tttar alaaaai. Traataaat 
aaa aaat aoadaetad ia aita* m 4 tbia iaelaiai baatiag to a aaaiaaa taapara- 
taro of 750* C at a praaaara of 5al0 aFa for 20 atdo to 30 aia. Tba fail aaa 
raaiataaca baatad. Tba taaparatara aaa aaaMtrad aitb a typa K (ViH^ aa* 
Ni-Al) tbaraocoapla ia caatact with tba apaciaaa. 

Cbaaical Aaalpaia of garfaca 

Tba foil aarfacaa aara aaalyaad by X**ray pbotoalaetroa apaetroaeapy 
(XF8). Tba daptb aaalyaia with XFJ ia of tba oidor of 2 to 3 hi, aad tba 
ultiMta aaaaitivity ia aafficiar.c to alloa fraetioaa of a aoaoliqfar to ba 
datactad aad idaotifiad. A aagaaaiua 1^ X-ray aoorca aaa aaod aitb m 
X- ray aourca poaar of 400 W. All XF8 aoalyaaa aara coadoetad at roaa 
taoparataura. 


Friction Bxpariaanta 

In tba ultra-bigb-vacuua ayataa, in aitu friction «cpariaMita %iara coa- 
ductad aitb tba aurfaca-traatad foil apaciaana oaar a taaparatara ranga of 
froa rooa to 750* C. A load of 0.2 M aaa appliad to tba pin-flat contact by 
daflacting tba baas, aa aboan in figara 1. To obtain conaiatant axpari- 
aaotal conditiona. contact bafora aliding aaa aoiiatainad for DO aac. Both 
tba load and friction forca «iara continooaaly aonitorad daring a friction 
axpariaant. Sliding aalocity aaa 3 na/ain aitb a total aliding diatanca of 
2 to 3 an. All aingla-paaa friction axpariaanta aara coodoctad in a 3al0 
nFa aaeaaa. Tba eoafficianta of friction raportad barain aara obtaioad by 
aaaraging tbraa to fiaa aaaaaraaanta. In argon or a laboratory air ataoa- 
pbara tba foils of tba aaorpboas alloys and tba pin apaciaan sarfneas aara 
scrubbad aitb larigatad aluaina, rinsad aitb tap aatar and than aitb dis- 
tillad aatar, and finally rinsad aitb atbyl alcohol. Aftar tba sarfaea aas 
driad aitb argon gas, tba spaciaans aara placad into tba axpariaantal 
apparatus. Tba apaciaan surfacas aara than brought into contact and loadad, 
and tba friction axpariaant aas bagun. 

RESULTS AND DISCUSSION 
Surfaca Cbaaistry 

Faa ? Coia Bia 8ii alloy . - Tba XPS spactra of tba Fagp, Co2p» B|, and 
Sijp oDtaioad froa narroa scans on tba Fagy Coj^g B^g Si^ foil sarfaea am 
prasantad in figura 2. Tba as-racaivad foil aftar bakaoat aas argon ion 
boabardad and than baatad at various taaparaturas in a 3x10 nPa vaeuun. All 



thtt m ipttctra t^na tA roon tfpTHura rawaUdi eai^oa aad oa q^ a a imdit 
Xa aMitiaa to iraa, eaValt, %eraa Mid ailiaaa* 

Tba ra^ pbacoalactroa paakt of elM aa-taaaiaad t^aeiaM elaarly iaii* 
aata that tahva vara iiaa oaidat mi tha fail aarfaea (raf. lha apaetra 
takaa aftar tba foil aarfaea bad baaa ar^ apattar elaaaad for M «ia aad 
bO aia elaarly iadicatad tba Pa2« paaba aaaoeiatad vitb iroa. Mid tbaaa 
typieal paaka ara aboaa ia fitata 2. Tba apaetra for tba foila baatad to 
350* aad 750* C ara alaoat tba aaiM aa that tor tba ar^«-apattar-elaaaad 
aarfaea. 

Tba 0o2p pbotoalaetron paaka of tba aa-raeaiaad apaeiaao iodieata 
eobalt oaide at 780 aV. Tba apaetra for tba aarfaeaa that bad baaa argoa 
aputter elaaaad aad baatad to 350* mmI 750* C reveal eobalt aad ita alloy 
paaka. Tba eobalt oxide peak ia aagligibla. 

Tba Bi, pbotoalaetnMi paaka of tba aa-racaivad apaeinaa iodieata tba 
praaaaca of boric oxida aa wall aa PajB, OoB, aad B. Tba apaetraa of tba 
aarfaea that bad baaa argoa aputtar elaaaad for 30 aia aad 60 aia raaaala 
large paaka for boroa aad ita alloya aa wall aa vary waall boric <»ida 
paaka. Tba apaetra for tba foila that bad baaa baatad to 350* and 750* C 
clearly indicate that tbc foil aurfacaa ware again contaainatad vitb boric 
oxide and boron nitride that bad aigratad froa tba lailk of tba foil 
apaciaana. 

Contaaiaanta aucb aa oxygen, nitrogen, and carbon nay be introduced 
froa tba anvironaant to the bulk of an norpboua alloy during tba direct 
coating proceaa. To refine tba aatallic atoodc atructura, an anorpboua 
alloy auat be caat at apaada to a few thouaand aetara par ainuta and at fre- 
quency rataa aa high aa a aillion degraaa centigrade par aacond. 

Tba S\2p pbotoalaetron paaka of tba aa-recaivad aurfaca reveal aili- 
cidaa. Evac tba apectrua of tba aurfaca that bad bean argon aputtar elaaaad 
for 30 ain and 60 ain revealo ailicidaa aa wall aa ailicon oxida on tba aur- 
faca. Tba foila that bad bean baatad to 350* and 750* C ware contaaioetad 
vitb ailicon oxida that had aigratad froa tba bulk of tba foil apaciaana. 

Pbotoalaetron linaa for tba of tba foil abowad that an adaorbad 
carbon contaninant peak waa evident in tba apectrua for tba aa-raeaivad 
ap«siaan. Generally, tha aurfaca of tha argon ion aputtar cleaned foil for 
30 ain contained carbon contaaioation aa well aa carbidaa aucb aa ailicon 
carbide. Tha apaetra of tba aurfaca that had bean aputtar cleaned for 60 
ain and with tba aurfaca heated to 350* and 750* C indicated a aaall carbide 
peak. Although tha Feg7 Co^g B14 Si^ foil waa not auppoaad to include 
carbon, carbidaa were praaant in tba foil. 

Tba coapoaition of tba aurficial layer of tha foil analysed by XPS ia 
aunwarixad in table II. Generally, the XPS results indicate that aurfacaa 
that had bean cleaned by argon ion sputtering or baatad to 350* or 750* C 
consisted of iron, cobalt, boron, silicon, carbon and oxygen. Tba relative 
concentrations of the const ituaota on tha surface ware very different froai 
tba nominal bulk coa^aitiona. Tha aurfaca contained lass boron and axira 
ailicon, carbon, and oxygen than tha bulk. 

Paai Sii .s w? ay> Paan Wiia Moa Bia alloya . - Generally, tba 

surfaces oT tha aa-racaivad, argon ion sputter cleaned, and baatad Pagj 8^,5 
Sig^K C2 and Pa^n Ni^g Mo^ foila contained carbon and oxygen in addition 
to the various alloying constituents of tha nominal bulk composition. Tba 
surface conditions of these foila were basically the same as that for Fag7 
C018 Si]^. Tba argon ion aputtar cleaned surface conditions of the three 
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dlff«r«nt foilt analysed Vy XF8 ara attaaarisad in cabla III. Tba ralativa 
eoQcaotrationa of tba variout conatieiiaata «ara vary diffaraot froM tba 
noadnal eoapoaitioBa. Tba aurfacaa eontainad laaa boron and aora aiilcoo, 
carbon, and oxygon than tba bulk. 

Tabla IV aunaarisat tba aurfaea eonditiona of tba folia analyiad by 
XPS. Ganarally, tba XP8 raaulta indlcata that tba aurfacaa of tba aa* 
racaivad folia conalatad of a layar of oxldaa of alloying alaaanta aa wall 
aa a alnpla, adtorbad flla of oxygon and carbon. Tba argon aputtar claanad 
aurfaea conalatad of tba alloy and axall aaounta of oxldaa and carbldaa. In 
addition to ooxlnal alaxant conatltuanta, tba aurfaea baatad to 350* C con- 
taioad borlr and ailicon oxldaa on Fa^y Co^^g 8^4 Sii a»l Pogj^ 5 8i?.5 
C2 alloya, and boric oxides on Fag^ ^^3$ ^4 ^18 *l^oy* *■ wall as axall 
aaM>unta of carbides. Tba surface boated to 750^ C contained boron nitride 
that bad migrated from the bulk of the foil apacinana, aa well aa small 
amounts of oxides. 


Microstruc ture 

To establish the exact crystalline state of tba foils examined by XPS 
as previously described, grain boundary structures ware examined by trans- 
mission electron microscopy and diffraction in a microscope operating at 
100 kV. Final thinning of the foils was accomplished by elactropolisbing. 
These analysis were done after the friction experiments. 

A typical example of the structure of the as-received amorphous foil is 
shown in figure 3. No dislocations fend grain boundaries are evident in fig- 
ure 3. However, black spots, which aie believed to be crystallites with a 
sice range from 1.5 to 4 nm, are apparent in the micrograph. The trans- 
mission electron diffraction pattern for the as-received foil is also pre- 
sented in figure 3. The pattern indicates that the amorphous foil was not 
completely amorphous, but contained extrMely small grains of approximately 
a few nanometers in sice. 

Typical examples of the crystallized structure of the foil heated to 
500* and 750* C are shown in figures 4 and 5. The foil was subjected to 
heat treatment above the cryst tllization temperature in a vacuum of 
3x10 nPa. Complete crystallization occur'.ed after heating to 500* C. The 
crystallized grain size was about 0.12 to 0.70 (im. At a higher crystalli- 
zation temperature of 750* C, the crystallized grain sice was 0.3 to 1.4 ym. 

A typical microstructure of the foils that bad been heated to 500* and 
750* C contained two kinds of grains: a dark grain, and a light grain. 
Single-crystal diffraction patterns were obtained from the dark grain as 
well as from the light grain after annealing at 750* C, as shown in figure 
5. The grains in the foil that had been annealed at 500* C were too small 
to yield a diffraction pattern. Single-crystal patterns taken from both the 
dark and light grains included diffraction spots and Kikuchi lines. 

Energy-dispersive X-ray analysis was conducted on both light and dark 
grains. Figure 6 presents a typical energy-dispersive X-ray profile of the 
light and dark grains shown in figure 5. The profile taken from the dark 
grain shows iron, cobalt, and copper peaks but a negligible silicon peak. 

The copper peaks in the spectrum are asssociated with the specimen mesh- 
holder. On the other hand, the spectrum taken from the light grain clearly 
shows a silicon peak as well as iron, cobalt, and copper peaks. Thus, the 
segregation of silicon occurs in amorphous alloys when they are heated to 
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th« rscrystalliMtion tmp«r«ture. No iofonMtion eon be obtainod for boron 
by •norgy'^iaporaivo X-ray aoalytia. 

Quantitativa analysie waa dona by using X-ray profilaa* at aboiin in 
figure 6. Tba relative concentrations of the cobalt and silicon to iron are 
shown in table /. Tab^e V indicates that the light grains contained about 
twenty tiwes t^re silicon than the dark grains* 

Adhesion and Friction in Vacuuw 

Sliding friction experinents were conducted with aluminus oxide in 
contact with aworphous alloy's in vacuum. Friction-force traces resulting 
from such sliding were generally characterised hy fluctuating behavior with 
evidence of stick-slip (ref. 7). The coefficient of friction as a function 
of the sliding temperature of the foil specisMn is indicated in figure 7. 

The alximinum oxide rider was sputter cleaned with argon ions at room tem- 
perature. The foil specimen was also sputter cleaned with argon ions in the 
vacuum system and then heated from room temperature to 750* C. The coeffi- 
cient of friction increaeed with increasing temperature from room to 
350* C. The increase in friction is due to an increase in the adhesion 
resulting from segregation of boric oxides and silicon oxides to the foil 
surface as described earlier. Generally, the prsence of oxygen does 
strengthen the metal-ceramic material (such as Al^ 3 , Mn-Zn and Ni-Zn 
ferrite, and SiC) contacts and increase the friction (vefs. 9 to 11). 

Above 500* C the coefficient of friction decreased dramatically. The 
rapid decrease in friction above 500* C correlated with the segregtion of 
boron nitride on the foil surface, as already discussed and shown in figure 
2(c). It is also interesting in figure 7 that there is a considerable 
differe.?:.* in the friction measured for the variations in alloy chemistry. 

Friction and Wear in Argon and Air 

Sliding friction experiments were conducted in argon and in air with 
normal residual surface oxides present on the Fe ^7 Coxg Bx4 Sii. To compare 
the friction and wear characteristics to conventionally used alloys, fric- 
tion experiments were conducted with 30A stainless steel foils under condi- 
tions identical to those with the amorphous alloy. 

When the amorphous alloy and 304 stainless steel slid against aluminum 
oxide spherical pin (6.4-mm-dia. ) at a load of 2.5 N for 30 min, very little 
difference in the friction behavior resulted between the two alloys. The 
coefficient of friction for both alloy;, was approximately 0.2 The wear 
results were, however, markedly different. There was a complete absence of 
any visibl* wear track on the amorphous alloy foil, bit a wear track was 
visible on *:he 304 stainless steel foil* No detectablr. wear on the surface 
of the amorphous alloy was found by optical and scanning* electron micro- 
scopic examioi'itions. Considerable wear, however, to the 3C4 stainless steel 
surface was indicated by the scanning electron micrograph in figure 8. Con- 
siderable plastic flow occurred, and a copious amount of wear debris was 
f *nerated on the 304 stainless steel, and clumps of metal appeared in the 
wear track. The surface oxide layers present on the amorphous alloy, which 
were discussed previously, provide a protective film against wear. The 
amorphous alloys have, therefore, superior wear resistance to the crys- 
talline stainless steel alloy. 
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Variaciont in mechanical paramatare auch aa alidins velocity and normal 
load do not appear to exert an effect on the friction behavior of the amor- 
pbova alloy over the range of normal loada from 0.05 N to 2,5 N and at 
sliding velocities ol from 0.03 to 1.6 em/sec. There vas essentially no 
change in the coefficient of friction. 

Since no visible wear was observed on the amorphous alloy, eliding 
friction experiments were conducted with a smaller spherical pin (3.2"«m- 
dia.), to provide a high contact pressure with sliding tiaw extended to 
5 hours to provide more severe experiswntal conditions. 

With 3.2 millimeter diameter aluminum oxide pin, there were marked 
differences not only in friction, but also in wear behavior. 

Friction was initially low, but increased with increasing sliding 
time, as indicated in the data of figure 9. After some period of time, 
an equalibrium condition was reached with the anorphous alloy and the 304 
stainless steel, and then the friction did not change with sliding tisM. 

The coefficients of friction obtained with Feg 7 Co^g Si^ alloy 
shown in figure 9 were generally the same as those obtained from experiments 
conducted 6.4 millimete«’ diameter aluminum oxide pin in contact with 

the alloy. The friction results with the 304 stainless steel are, however, 
markedly different when examined with 3.2 millimeter diameter aluminum oxide 
pin. The coefficient of friction at an equilibrium condition was nearly 
three times that with 6.4 millimeter diameter aluminum oxide pin. 

Figure 10 presents scanning electron micrographs of typical wear tracks 
of the aararpbous alloy and the 304 stainless steel. The experiments were 
conducted at a load of 2.5 newtons with a 3.2 millimeter diameter aluminum 
oxide pin and at a total sliding time of 5 hours. Oxide wear debris parti- 
cles were generated on the amorphous alloy surface, while metal wear debris 
particles were primarily generated on the 304 stainless steel surface. With 
the amorphous alloy microscopi'*. brittle fracture and breaking up of oxide 
layers took place, and fine oxide wear debris particles were mainly produced. 

Figure 11 illustrates a detailed examination of the oxide wear debris 
(submicrons to microns in site) produced on the amorphous alloy as a result 
of sliding of the 3.2 millimeter diameter aluminum oxide pin for a distance 
of 27 m. The scanning electron micrographs clearly reveal powdery and 
whijkery oxide wear debris particles on and near the «rear track after slid- 
ing contact with the aluminum oxide pin. 

Figure 12 presents scanning electron micrographs taken in the wear 
track on the 304 stainless steel surface. Adhesion of aluminum oxide to 
stainless steel occurs across the interface. With tangential motion, sepa- 
ration takes place in the 304 stainlesi steel and rupturing the bonds of 
cohesively weaker 304 stainless steel occurs. And then cavities form in the 
material, as shown in figure 12(a). Small platelet-type metallic wear 
debris particles are subsequently produced, as shown in figure 12(b). 

CONCLUSIONS 

The following concljsions are drawn from the presented data: 

1. The coefficient of friction increases with increasing temperature to 
350* C in vacuum. The increase in friction is due to an increase in adhe- 
sion resulting from surface segregati«';i of boric oxide and/or silicon oxide 
to the surface of the foil. 
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Above 500* C the coofficione of friction docroncod r«i>idly* Tbt 
docrcAcc corrclctoa with tho sogrogntion of boron nitrido to tbo lurfaec. 

CootMinentt can com froB tb« bulk of tb« Mtoricl to tbo surfaco 
upon boating and iapart to tbo aurfaco boric oxido and/or ailicon oxido at 
350* C and boron nitrido abovo 500* C. Tbo oogiogation of contaainanto ia 
rooponoiblo for tbo friction bohawior. 

2. Tbo aaorpbouo alloya bavo ouporior wear rooiatanco to tbo crya- 
talline 304 stainlooa atool. 

3. Tbo rolativo concontrationo of tbo variouo conatituonto at tbo our- 
facet of tho OBorphoua alloys aro vary difforont frooi tho noaioal bulk 
eoapotitions. 

4. It it indicative that tbo aaorpbout alloys are not coaplotoly aaor*- 
pbout, but contain oxtreaoly t«all cryttallitot of approxiaatoly a fow 
nanoBOtert (1.5 to 4 no) in site. 

5. The aic rot true ture of crystallised aaorphout alloy contains dark and 
light single-crystal grains at revealed by transaission electron aicro-* 
scopy. The dark grains contain considerably less silicon than do tbo light 
grains* 
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TABLE I. - PROPERTIES OF AMORPHOUS ALLOYS 


Ailoy 

composition 

Crystallization 

temperature, 

•c 

Density, 

g/cm^ 

Hardness, 

GPa 

Ultimate 

tensile 

strength. 

Bend 

ductility,* 

e 

®^*67*^®18®1a5^1 

430 

7.56 

10 

r.5 

1 

Fe 8 lBi 3 . 5 Si 3 . 5 C 2 

450 

7.3 

10.3 

.7 

9x10"3 

Fe4oNi38Mo4Bi8 

410 

8.02 

10.5 

1.38 

1 


t/(d-t), where t is ribbon thickness and d is micrometer spacing at 
bend fracture. 


TABLE II. - COMPOSITION OF AMORPHOUS 
ALLOY SURFICIAL LAYER 


tNominal bulk composition,^ wt percent: 
Fe 57 Co][gBx 4 Sii ; nominal bulk composi- 
tion, at. percent; Fe 42 Co^ . 1 


Treatment 

Composition on surface , 
at. percent 

Argon ion sputtering 
Heating to 350“ C 
Heating to 750® C 

FeA^Co ^ 48 1 7 S i 6 C 9 O 5 

Fe 52 C 0 1 lb igSi gCgO 5 
Fe 34 C 0 9 B 1 9 S i 3 C gO 3 


^Manufacturer's analysis. 


TABLE III. - COMPOSITION ON ARGON-SPUTTER-CLEANED 
SURFACE LAYER OF AMORPHOUS ALLOY 


Nominal bulk composition 

Composition on surface, 
at. percent 

wt percent* 

at. percent 

FegTCoigBiASii 

Fe42CoiiB44Sii 

Fc 49 Co 14 B 1 7 S i gC 9 O 5 

Fe 8 lBi 3 . 5 Si 3 . 5 C 2 

Fe4^42Si4Ce 

Fe43Bi5Si8C2iOi4 

Fe4oNi38Wo4Bi8 

Fe23Ni21®° 1®55 

Fe i 8N i 28M° iB 24 C 1 5 O 14 


^Manufacturer's analysis. 



















TABLE IV. > SURFACE OF AMORPHOUS ALLOYS 


Alloy 

eoQpoticion 






^'4(/'S8"“4“i8 


Surface 

As received 

Argon sputter 
cleaned 

Heated to 350* C 

Heated to 750* C 

Oxides of Fe, 
Co, B, Si, 
and C 

Alloy 

Alloy 

Alloy 

Adsorbed film 
jf oxygen 
and carbon 

Small amount 
of oxides 
and carbides 

Boric oxides 
and silicon 
oxides migrated 
from bulk 

Boron nitride 
migrated from 
bulk. 



Small amount of 
carbides 

Very small 
amount of 
boric oxides 
and silicon 
oxides 

Oxides of Fe, 
B, Si, and C 

Alloy 

Alloy 

Alloy 

Adsorbed film 
of oxygen 
and carbon 

Small amount 
of oxides 
and carbides 

Boric oxides 
and silicon 
oxide migrated 
from bulk 

Boron nitride 
migrated from 
bulk 



Small amount of 
carbides 

Very small 
amount of 
boric oxides 
and silicon 
oxides 

Oxides of Fe, 
B, Ni, Mo, 
and B 

Alloy 

Alloy 

Alloy 

Adsorbed film 
of oxygen 
and carbon 

Small amount 
of oxides 
and carbides 

Boric oxides 
migrated from 
bulk 

Boron nitride 
migrated from 
bulk 



Small amount of 
carbides 

Very small 
amount of 
boric oxides 

















TABLE V. - SOLUTE-IRON CONCENTRATION RATIO 
OF BULK OF AN AMORPHOUS ALLOY HEATED TO 
500“ OR 750" C IN VACUUM (10 nPa) 

(a) Heated to 500" C 

Structure 


Constituent 

Dark grain 

Light grain 

Mixed area 


Solute-iron concentration ratio 

Fe 

1 

1 

1 

Co 

.3 

.44 

.36 

Si 

.001 

.02 

.008 


(b) Heated to 750" C 


Fe 

1 

1 

1 

Co 

.32 

.44 

.37 

Si 

.001 

.02 

.008 
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(8) Ultra high-vacuum friction and vwar apparatus. 
Figure 1. - Friction and wear apparatuses. 
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(b) Friction and wear apparatus used in argon and in laboratory air. 
Figure 1. - Concluded. 
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Figure 2 . - Representative Fe2p. Co^. Bij. Sl^. andCu XPS on FP57C018B14SI1 surface. 
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Figure Z - Concluded. 



Figure 4. - Typical microstructure and diffraction pattern of an amorphous 
alloy (Fe^yCoigBj^Sii) heated to 50Cf C in vacuum UO nPa). 
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(a) LIGHT GRAIN. <c) MICROSTRUCTURE. 

(b) DARK GRAIN. 

Figure 5 - Microstructure and electron diffraction pattern of an amorphous 
alloy (Fe 67 Coi 8 Bi 4 Sii) heated to 750 C in vacuum 110 nPa). 
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Figure 6. - Energy-dispersive X-ray profile of a metallic 
glass (Fe 67 Coi 8 Bi 4 Sii) heated to 750° C in vacuum 
(10 nPa). 








O Fe^TCOjgBj^Sij 
^ *'® 81 ^ 13 . 5 ^' 3 . 5^2 

□ Fe4oNi3gM04Big 



100 200 300 400 500 600 700 800 

SLIDING TEMPERATURE. °C 


gure 7. - Coefficient of friction as a function of temperature for 
aluminum oxide sliding on Fc^TCojgBj^Sij, PGgjBj^ jSi 3 5 C 2 , 
andFe 4 oNi 3 gMo 4 Bjg in vacuum. Normal load, a2N| sliding 
velocity, 3mm/min; vacuum. lOnPa. 



Figure 8. - Scanning electron micrograph ' .04 stainless steel wear surface. 
Pin, 6.4 millimeters diameter aluminum oxide sphere; load, 2.5 newtons; 
dry sliding in an argon atmosphere; sliding velocity, 0.3 millimeters per 
second; room temperature. 
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Figure 9. ' Coefficient of friction as a function of siiding 
time for Fe^; Coig B 14 Sii amorphous aiioy and 304 
stainless steel in a iaboratory air atmosphere. Pin, 
3.2mmdiameter aluminum oxide sphere; load, 2,3N; 
sliding velocity, 1.5mm/sec; room temperature; rel- 
ative humidity, 40%. 
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(a) FegyCoi3Bi4Sii. 


(b) 304 stainless steel. 


Figure 10. • Scanning electron micrographs of wear track on Fe 67 CqoBi 4 Sii 
amorphous alloy and wear track on 304 stainless steel. Pin, 3.2 millimeters 
diameter aluminum oxide sphere; load, 2.5 newtons; sliding velocity, 1.5 
millimeters pei second; sliding distance, 27 metjrs; room temperature; 
laboratory air atmosphere; relative humidity, 40%. 
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(a) Powdery debris. 


(b) Whiskery debris. 

Figure 11. - Scanning electron micrographs jf powdery and 
whiskery wear debris particles produced on Fe|g7Coj3- 
614811 amorphous alloy. Pin, 3.2 millimeters oiameier 
aluminum oxide sphere; sliding velocity, 1.5 millimeters 
per second; load, 2.5 newtons; sliding distance, 27 
meters; room temperature; laboratory air atmosphere; 
relative humidity, 40 %. 
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(a) Cavity. 

(b) Wear debris. 

Figure 12. ■ Scanning electron micrographs of wear track on 304 stainless 
steel. Pin, 3.2 millimeters diameter aluminum oxide sphere; load, 2.5 
newtons; sliding velocity, 1.5 millimeters per second; sliding distance, 
27 meters; room temperature; laboratory air atmosphere; relative 
humidity, 40“'o. 


